OATAO is an open access repository that collects the work of Toulouse researchers and makes it freely available over the web where possible. Formation and migrations energies were calculated for multi-vacancies V n (n = 1-15) in bcc Fe bulk and its surfaces using density functional theory. In this work, we analyze the evolution of the formation energy, the migration processes and the stable configurations of V n . For small clusters (mono-and divacancies), our results are in agreement with those from the literature. We also focused on the study of the interactions between surfaces (Fe(1 0 0) and Fe(1 1 0)) and a vacancy, which enabled an assessment of the interactions the between vacancy and free surfaces. For V 3 , we found that the more compact structure (labeled (1 1 2) ) is a more stable configuration than that of V 4 (1 1 1 1 2 2). The migration mechanisms of V 2 and V 3 are decomposed to identify the position of the transition states, and to thus explain the low migration energy of V 3 . An analysis of the structure of different clusters shows that for n 6 10, the more stable structures are built from 2NN and 1NN divacancies. We suggest some stable compact configurations for large clusters.
Introduction
Defects, such as vacancies, cavities or grain boundaries, have a considerable impact on the physical and technological properties of metals such the embrittlement, strengthening, crack resistance, ductility or creep behaviors [1] , and can lead to premature aging in structures. The irradiation of nuclear materials is a classical example. Irradiation by electrons [2] , ions [3, 4] or neutrons [5, 6] is the most common method for point defect production. The generation of supersaturated vacancies can also be observed for quenching from high temperatures [7] [8] [9] , high speed or heavy plastic deformations [10] and even oxidation [11] . It was observed that metals with different crystal lattices, bcc [12] , fcc [13] , or hcp [14] , have different propensities towards the formation of the cavities mentioned above [15] . Obtaining knowledge on the properties of the point defects and their precipitations (cavities or precipitates) is the focus of many theoretical and experimental works.
Point defect reactions that are related to point defect cluster formation have been reviewed for different types of crystallographic structures for metals and for a wide variety of experimental treatments [15] . However, a main dependence of the formation of any type of cluster on the metal has not been found, and only correlations were observed [15] . Despite the various wide physical properties that have been used to study vacancy formation and migration, such as enthalpy, specific heat, thermal expansion, electrical resistivity, thermopower, positron annihilation and the perturbed angular correlation of gamma quanta [16] , the process of cavity formation is not sufficiently clear. The theoretical study of vacancies and cavities is a good addition to experimental studies to obtain a better understanding of cluster formation.
In our work, we focus on iron, which is a main component of the ferritic and austenitic steel structural alloys and of some other structural alloys. Structural alloys that are used in high-temperature applications exhibit complex thermo-mechanical behavior that is time dependent and hereditary. The main application of these steels is in aeronautic and nuclear materials devices. Ferritic steels are used for their combination of high strength, high toughness, and corrosion resistance, as well as their combination of low cost, weldability, strength and corrosion resistance when alloyed with sufficient amounts of Cr. The knowledge of materials in which some small cavities could appear is thus of great technological interest.
The purpose of this work is to analyze the evolution of the formation energies and the migration processes of clusters. The layout of this paper is as follows: in Section 2, we present our DFT computational framework. We then present the results of the formation and migration of a monovacancy in the bulk (Section 3). Section 4 is devoted to the results of the excess energies of the Fe(1 0 0) and Fe(1 1 0) surfaces and of the formation energies of monovacancies on and near the surfaces. In Sections 5-7, the results of the formation of V n -vacancies (n = 2-4) in the bulk using DFT calculations are presented. We then present the larger multivacancies V 5À10 and V 11À15 in Section 8. We conclude by analyzing some large clusters in Section 9.
Methodology

Theoretical method of calculations
Our calculations were performed using the Vienna ab initio simulation package (VASP) [17] . Self consistent Kohn Sham equations were solved using the projected-augmented wave (PAW) method [18] to describe the electron-ion interactions and the PerdewWang approximation (PW 91) [19] for the exchange and correlation functionals. The spin effects are taken into account in all calculations. The plane-wave energy cut-off was fixed at 400 eV, and 4 Â 4 Â 4 Monkhorst-Pack meshes [20] were used to sample the Brillouin zone for large supercells (128 and 250 atoms [21] ). The energy does not vary by more than 1 meV/atom for these criteria. Lattice relaxations were introduced by using a conjugategradient algorithm. Ions and lattice parameters were allowed to relax.
Fe(1 1 0) and Fe(1 0 0) surfaces were designed using slabs and were composed of 12 atomic layers. To separate the vacancies from the neighboring supercells, we used a ''c(2 Â 2)'' (centered 2 Â 2) supercell for the Fe(1 1 0) surface and a ''p(3 Â 3)'' (primitive cell 3 Â 3) for the Fe(1 0 0) surface. In both cases, symmetric slabs were used and the calculations were done with 7 Â 7 Â 1 k-meshes. The surface energies, inter-layer distances and inter-layer forces were taken as convergence criteria to choose the optimal number of layers for each part of the slab. To avoid an artificial dipole moment on the surface, we introduced one vacancy on both sides of the slab. We optimized the vacuum (the number of empty slab) that separates the metal layers: for the Fe(1 1 0) and Fe(1 0 0) surfaces, we used 5 layers (d = 12.7 Å) and 8 layers (d = 12.0 Å), similar to in previous theoretical works [22, 23] . The schematics of the structures that were used are reproduced in Fig. 1. 
Thermodynamic properties of defects
The formation enthalpy of the n-vacancies (labeled V n ) is given by H Assuming that N is the number of Fe atoms in the super-cell, the enthalpy of formation of a cluster ðE f nv Þ is expressed as: 
H f
We list experimental and theoretical data from the literature in Table 1 . Experimentally, the formation energy of the monovacancy has been measured to be between 1.4 and 2.0 eV, while the theoretical values (LDA and GGA) overestimate this energy (1.95-2.17 eV). The model that is based on surface intrinsic errors suggests that the theoretical values should increase up to 2.32-2.71 eV [24] , which increases the disagreement between theory and experiment.
Our value (2.16 eV, obtained with a 4 Â 4 Â 4 supercell) is consistent with the theoretical results from the literature. The formation volume of the monovacancy X f 1v is found to be approximately 7.43 Å 3 , i.e., X f 1v ' 0:65X o (where X o is the atomic volume for the equilibrium lattice parameters without the vacancy), which is in agreement with the expected volume for bcc metals [38] .
Within the quasi-harmonic approximation, the vibrational free energy correction (F vib ) of the monovacancy at 0 K (zero point energy, calculated with a 3 Â 3 Â 3 supercell at the C point) is given by:
where E vib ½X ¼ P hx q¼C;m ½X=2 is the vibrational energy calculated with and without the vacancy. The ZPE is found to be small, approximately À10 meV. This value is too low to significantly modify the formation enthalpy of the monovacancy.
Finally, we calculated the formation entropy S f 1v which relies on the derivation of the vibrational free energy S ¼ À @F vib @T . In the limit (T ? 1), we have:
We obtained approximately 0.8 k B for S f 1v ; previous estimations [39-41] gave 1-2 k B . Lucas and Schaeublin [42] obtained 4 k B using an equivalent approach without cell relaxation. It must be noted that the formation entropy is sensitive to the values of the frequencies (and thus to the relaxation of the cell), and a large volume induces an increase in entropy. Using the same methodology as [42] , we obtain 3 k B .
Migration of the monovacancy
To complete the study of the monovacancy properties, we present its migration process. The diffusion coefficient of the monovacancy is given by:
where E m 1v is the migration energy,
quency and a o is the lattice parameter of the unit cell. In this case, the migration process corresponds to the displacement of one Fe atom along the h1 11i direction. The migration along the h1 0 0i axis is energetically unlikely because of a high barrier (approximately 2.5 eV). The Fe atom needs to cross a square of Fe atoms that is located in the middle of the path. In the direct migration path, there are 3 barriers (labeled 3-6-3): 2 identical 3-coordinated sites that are located one third and two thirds of the way along the migration path and a 6-coordinated site midway along the path. For the two configurations, we found energies of 0.54 and 0.64 eV. The migration saddle point (with a migration energy of 0.64 eV) is located at the center of the path. This value is in excellent agreement with experimental data (0.55 eV [43] was measured for a high-purity a-Fe) and with previous theoretical works (0.65-0.67 eV [28, 44] ). Fu [44] also obtained (using NEB calculations, see Fig. 3a in Ref. [44] ) equivalent values: 0.54 eV for the 3-coordinated sites and 0.64 for the saddle point.
The jump frequency (m o ) can be evaluated using only a first-order approximation of the Vineyard theory [45] :
, where x i and x Ã i are the eigen-frequencies The effect of a free interface on the monovacancy formation energy was analyzed using a study of Fe surfaces. We first computed the surface energies of Fe(1 0 0) and Fe(1 1 0) surfaces using the following approach:
where E slab is the total energy of the slab, E layer the total energy of the layer in the bulk crystal and n is the number of bcc layers in the slab.
As pointed out by Boettger [47] , to obtain a converged surface energy for a slab with varying thickness, it is crucial to ensure that E layer is consistent with the large n limit of the incremental energy difference for the slab. E layer can be accurately determined from the linear plot of E slab vs n. The intersection of this plot with the y-axis gives the double surface energy, and the slope ratio gives an accurate value for E layer .
We [53, 54] . With good approximation, we use these data for comparison with the theoretical results of low indexed surfaces. Low indexed surfaces have approximately the same surface energy [48] . These excess energies correspond to the limiting case of the surface energies of large clusters. For a cavity, one of the physically relevant variables is the energy per unit area or per atom on the surface ðE surface cavity Þ. We need to obtain an expression in accordance with the topology of the cavity: E surface cavity ¼ f ðc 110 ; c 100 Þ. For example in the case of the cubic V 9 defect (see below), the cavity is composed only of Fe(1 0 0) surfaces.
4.2.
Formation energy of the monovacancy on Fe(1 0 0) and Fe (1 1 0) surfaces Using the optimized geometry described above, we study the stability of one monovacancy near free interfaces (with a supercell approach). The choice of simulation boxes corresponds to a vacancy coverage of approximately 0.111 and 0.125 (for Fe(1 0 0) and Fe(1 1 0) surfaces, respectively), which is low enough to neglect in a first-order approximation of the vacancy-vacancy interactions. To quantify the effect of the surface density on the vacancy formation energy, we used larger supercells (in the x-y plan): p(4 Â 4) and c(3 Â 3) surfaces [55] . It thus corresponds to surface densities of 6.3% and 5.5% (the results are labeled ).
The vacancy formation energies on the Fe(1 1 0) and Fe(1 0 0) surfaces are found to be 0.91/0.96 and 0.35/0.30 eV, respectively. Wang et al. [56, 57] , using EAM methods, found approximately 0.70 and 0.58 eV, in agreement with our results. These values are significant lower than that in the bulk (2.16 eV), which can be linked to dangling bonds into the surfaces.
The supercells contain 9/16 and 8/18 Fe atoms per surface (for the Fe(1 0 0) and Fe(1 1 0) surfaces, respectively), the surface per atom are thus equal to approximately 8.1 and 5.7 Å 2 /atom (see Table 2 ). The freed surface, by the monovacancy, is dependent of the surface. We obtain a slight evolution of H f 1v according to the vacancy density (from high to low densities): H f 1v decreases in the case of low indexes surfaces and increases in the case of dense surfaces.
We then studied the evolution of this formation energy as a function of its position and the surface. Our results and those of Wang et al. [56, 57] are listed in Table 3 and shown Fig. 2 . We note that from the fourth (for Fe(1 1 0)) and fifth (for Fe(1 0 0)) atomic layer, the surface effects become negligible and the formation energies approach the formation energy of the bulk. Thus, we can generalize that the interaction of vacancy with a surface directly depends on the vacancy-surface distance and this interaction was completely negligible at a distance of 6 Å. The changing tendency the vacancy formation energy for the atomic layers of Fe(1 1 0) corresponds well with the results of Wang et al. [56] .
Divacancies
Stability of divacancies
Different divacancy configurations were investigated from the first nearest neighboring configuration (labeled 1NN) up to the 7th nearest neighbor (7NN) configuration. The results are summarized in Table 4 . Beeler and Johnson [58] reported that 2NN is higher in energy than the other divacancies (with a binding Fig. 3 . Indirect migration path, 2NN towards 6NN. We calculated the formation volumes X f 2v of the divacancies. These volumes are in the range of 0.64-0.69X o , which is close to the formation volume of the monovacancy. No correlation between the stability of the divacancy and the formation volume has been found.
Migration of 2NN
To move without being dissociated, 2NN should have the 1NN divacancy as a transition state. The lowest-energy path -from 1NN to 2NN -leads to a transition state, that is located 2/3 of the way along the Fe-atom migration path with a 0.55 eV migration energy. Because there is an additional vacancy in comparison with the monovacancy, the migration path is referred to as ''2-5-3''. The highest barrier is for the 3-coordinated site, which is the same site as for the monovacancy that was presented above. For the divacancy, the migration energy through the 5-coordinated site is 0.50 eV.
We can now compare our results with those of the literature. We note that Fu et al. [44] obtained a migration energy of 0.62 eV (0.52 eV for the reverse migration), and that Djurabekova et al. [61] obtained 0.66 eV (0.60 eV for the inverse migration) which are slightly higher than our values (0.55 eV and 0.54 eV). The main difference between our results and those of Fu can be explained by the relative stability of 2NN in comparison with 1NN in our simulations and theirs. The difference with the Djurabekova results remains unclear (the same approach as ours was used). The difference with our value can be explained by the approximations used in their simulations: the ''Vosko Wilk Nusair'' correction, 300 eV for the cut-off energy, and the reciprocal space of their supercells (128 atoms) has been sampled with 27 k-points.
Formation and dissociation mechanisms of the divacancy
To complete the description of divacancies, we studied the formation-dissociation mechanisms of the divacancies along two directions: along the h1 1 1i direction (from 1NN to 5NN) and along the h1 0 0i direction (from 2NN to 6NN).
In the first case, the barriers are approximately 0.64 and 0.53 eV for the dissociation and formation mechanisms, respectively. This case is similar to the migration of the monovacancy along the 3-6-3 path with the saddle point at the center.
For the second migration mechanism, as was expected, the energy of the saddle point is unfavorable: 2.49 and 2.31 eV for the dissociation and formation barriers of 2NN, respectively. We thus investigated an indirect mechanism: a migration through the 4NN divacancy (as illustrated in Fig. 3 ). In this case, two transition states, T 1 (E m = 4.82 eV) and T 2 (E m = 5.03 eV), are necessary. The lowest barrier of 2NN towards 6NN is reduced to 0.60 and 0.67 eV for dissociation and formation, respectively. The results, which are summarized in Table 5 , are in agreement with those of Beeler and Johnson [58] . The most surprising result is that the migration-formation energies of the divacancy and of the monovacancy are very close. These results also show that the migration energies of the monovacancy are slightly dependent on the vacancy-vacancy distance and are approximately 0.55-0.70 eV.
Trivacancies
Stability
We use the common nomenclature to describe the trivacancies: three integer numbers (labeled lmn) that characterize the pairwise nearness of the vacancies. For example, the (1 1 2) configuration is composed of two 1NN and one 2NN (see Fig. 4 ). This nomenclature will be used to describe larger multivacancies. We limited our study of trivacancies to seven compact configurations (shown in Fig. 4) : (1 1 2), (2 2 3), (2 3 5), (2 2 6), (1 1 5), (1 1 3) and (1 2 4). Our results, those of Beeler and Johnson [58] and those of Masuda [59] are reported in Table 6 . The reference state of the divacancies was 2NN to compute the trapping energy of V 3 E t 3v À Á . The most stable configuration is the (1 1 2) compact configuration with a formation energy ðE f 3v Þ of 5.97 eV, in agreement with previous theoretical works. The two linear three-vacancies (2 2 6) and (1 1 5) and the three-vacancy (1 2 4) have close formation energies (6.20-6.22 eV). The three configurations that have 3NN blocks (the (1 1 3), (2 3 5) and (2 2 3) clusters) are the most unstable defects. We can relate this result to the unstable nature of the 3NN divacancy (see Table 4 ); 1NN and 2NN blocks appear to stabilize V 3 , contrary to 3NN. We can also note that the (2 2 6) and (1 1 5) configurations, which are derived from 2NN and 1NN,respectively, have the same difference in their formation energies as divacancies 2NN and 1NN. This result can also be explained by the pairwise link, in which 2NN and 5NN are more stable than 1NN and 6NN, respectively. These conclusions will be used to interpret larger V n .
Migration of the V 3 (1 1 2)
The study of the migration of the most stable V 3 (1 1 2) is especially interesting because there are two different sets of theoretical results: the set from Beeler, who obtained 0.66 eV, which is equivalent to the migration energy of the monovacancy, and the set of Fu et al. [44] , who used an NEB method and obtained an energy of 0.35 eV. Fu does not explain why the migration of the V 3 (1 1 2) is significantly smaller than the previous result. For both results, the transition state is located in the middle of the migration path. Beeler fixed the transition state exactly between two vacancies, while, in the NEB calculations the atom can freely move in the transition state, which was not described by Fu et al. [44] .
We report the results of two types of numerical simulations: either we fixed the Fe atom between the two nearest vacancies or we put it in the center of a four-vacancy (see Fig. 5 ). In the first case, we obtained 0.64 eV, which corresponds well to the results of Beeler, and, in the second simulation, we obtained 0.36 eV, which corresponds well to the results of Fu. The migration path for V 3 can thus be labeled as 2-4-2 in which the transition state is 4-coordinated and located at the center. The transition state is located at the center of the fourth vacancy V 4 , and n equivalent result was obtained for the diffusion of V 2 in hcp-Ti [63] . The migration state can be viewed as an auto-interstitial inside a V 4 .
We can therefore assume some general trends for the migration: through a 6-coordinated state, the migration energy should be approximately 0.64 eV (V 1 ), through a 5-coordinated state (V 2 ), it should be 0.50 eV and, through a 4-coordinated state (V 3 ), it should be 0.36 eV. Moreover, we note that the migration energy decreases from the monovacancy until V 3 .
V 4 multivacancies
Stability
To study V 4 , we took into consideration six configurations (shown in Fig. 6 ): (1 1 1 1 2 2), (1 1 1 2 23), (1 1 1 3 3 3) , (1 1 1 22 4), (2 2 23 3 3) and (2 2 2 2 3 3). These configurations can be compared with those of Beeler and Masuda [58, 59] . The formation, binding and trapping energies are listed in Table 7 . The stability remains the same as that for V 3 : the V 4 multivacancies that are composed of a large number of 1NN and/or 2NN blocks are more stable than the other multivacancies. The most stable structure is (1 1 1 1 2 2) , the tetrahedral configuration. We then obtain the (1 1 1 2 2 3) and (1 1 1 2 2 4) configurations. Beeler found that (1 1 1 2 2 3 ) is more stable than (1 1 1 2 4) . When unit cell relaxations are involved, (1 1 1 2 2 3) becomes energetically more stable than the other multivacancies (see Table 7 ).
For the (2 22 3 3 3) and (2 23 3 3 3) structures, we obtain negative trapping energies. Masuda obtained a binding energy of close to zero for (2 2 3 3 3 3) . From the rapping energies, a slight instability in the (2 2 2 3 3 3) and (2 2 3 3 3 3) configurations could be noted, which suggests that it should not be possible to form these V 4 from the V 3 (1 1 2) cluster (the most stable trivacancy). In this case, we note that the stability of pairwise links plays a significant role in the stability of larger multivacancies, which explains the fact that (1 1 1 1 2 2) is the most stable. We can also observe that Beeler's results for V 3 and V 4 multivacancies with 3NN motifs give binding and trapping energies that are relatively close to those with 1NN patterns. We can explain this result by the fact that 1NN Fig. 4 . Schematic of the studied trivacancies.
(E b = 0.13 eV) is less stable in Beeler's case than in our case (E b = 0.18 eV). Qualitatively, from these results, we can argue that the most compact configurations, which are composed of a larger number of 1NN and 2NN blocks, should be stable configurations. From a formation point of view, the most stable V n+1 configuration should be formed directly from the most stable V n . V n+1 should thus be composed of the most stable compact block V n , i.e., composed of 1NN or 2NN. Beeler [58] found the same behavior for the stability of V n using the fact that the (1 1 2) trivacancy should be a ''flexible'' block and can migrate without changing its configuration. V 3 should be considered an elementary brick for building larger V n multivacancies. (1 1 1 1 2 2) To move, the multivacancy V 4 (1 11 1 2 2) should migrate through an intermediate state: (1 1 1 2 2 3 ). For this mechanism, Fu obtained a barrier of 0.48 eV, which corresponds to a ''2-4-2'' type, similar to that of V 3 (see the migration mechanism in Fig. 5 ). The barrier should thus be equivalent to that of V 3 . In our case the difference between both V 4 configurations is 0.16 eV.
Migration of
Because the transition state is situated in the middle of the migration path, the contribution to the migration energy is 0.08 eV and the total energy of migration is 0.44 eV. Most of the bigger multivacancies have the 4-coordinated transition state. Thus, for these multivacancies, the expected migration is 0.36 eV with addition of the geometric contribution, so the initial and final states would be different.
Multivacancies V 5À10
For larger multivacancies (V 5À10 ), after studying different configurations, we found that the most stable structure should be composed of a large number of 1NN and 2NN patterns. A generalization can be proposed: the stable cavity should be viewed as a collection of 2NN blocks (see Fig. 7 ), which is a tendency that Ref. [58] Ref. [59] This work urlx/rlx
( 1 1 (1 1 2): at left the initial state, and, at right, the transition state. Fig. 6 . Representation of V 4 multivacancies. was already mentioned by Beeler [58] . In Table 8 , we list the formation, binding and trapping energies of these V n . We can notice oscillations in the trapping energy: between 0.71 and 0.95 eV. These oscillations can be explained by the parity of the multivacancies (the number of 2NN blocks): the multivacancies with an even number of vacancies are more stable than those with an odd number. This type of oscillations should be expected for larger cavities (n > 10) if the cavities are composed of 2NN.
The perpendicular growth of 2NN will be stable up to a given number n because, for larger number n, other possible configurations should exist. For this purpose, in the next section, we specially studied the stability of spherical multivacancies.
For larger cavities, we then tried to identify a set of cavities that were more stable than previous cavities. We considered the ''spherical'' multivacancy family: the cubic V 9 and the rhombododecahedric V 15 (see Fig. 7 ). V 15 is built from V 9 by removing 6 Fe atoms from each of the six cube sides. To verify our hypothesis, we considered all intermediate cases. In the case of V 11 and V 13 , we have two prospective configurations, as illustrated in Fig. 8 . For example, V 11 could have either the ''together'' or the ''opposite'' configurations. For both configurations, we obtained the same vacancy formation energy (within 20 meV).
We found (see Table 9 ) that the cubic V 9 is less stable than the V 9 that was built using 2NN blocks (see above). The cubic V 9 is composed of 12 3NN, which destabilize the defect. However, with the growth of the cubic V 9 -V 15 , the number of 1NN and 2NN grows more rapidly than the number of 3NN. The spherical multivacancies Fig. 7 . V 5À10 multivacancies that were considered (top) and formed from V 4 (the double square vacancy): the V 5 -V 10 (square vacancies), cubic V 9 and rhombo-dodecahedric V 15 multivacancies. then become more stable than the previous family of multivacancies. This change was made from the ''spherical'' V 11 defect. We can see that the trapping energies for the growth of the spherical multivacancies (1.29-1.57 eV) are larger than those for the 2NN family (0.71-0.95 eV), indicating that the spherical vacancies should grow more easily. We can state the proposed formation of V n from V nÀ1 more precisely: the most stable V n can be formed from the most stable V nÀ1 , but there is a specific number n at which there is a complete geometric change in the configuration, as was shown above. Fig. 9 shows the evolution of the V n formation energy per vacancy for both types of V n . For V 1À6 , the energy decreases linearly and for V 7À10 , there are small oscillations. Up to n = 11, the spherical defects become more stable.
Conclusion
In this work, we presented a study of the understanding of the structure and migration path of small cavities in bcc-Fe using DFT. These results should help to better understand the clusterization of V n in iron using, for example, a general Ostwald ripening model. In summary, the main results that were presented in this manuscript are the following:
1. A detailed study of the monovacancy properties is presented from an energetic and a migration point of view. We obtained a formation energy of approximately 2.16 eV, a formation entropy of 0.8 k B and a low ZPE correction (approximately 9 meV). The monovacancy migration energy and the diffusion coefficient are 0.64 eV and 0.68 cm 2 /s, respectively. These results are in agreement with the literature. 2. The formation energy of the monovacancy on surfaces is given and discussed. We looked at the effect of these free interfaces on the monovacancy stability. Fe(1 0 0) and Fe(1 1 0) surfaces were considered. We show that it is easier to form a vacancy on a Fe(1 0 0) surface than on a Fe (1 1 0) surface. From the fourth layer, the proprieties of the vacancy are the same as those of the bulk. Near the surface energy c, the properties should correspond to those of a large surface (a tension surface). 3. The study of divacancies shows that the 2NN and 1NN configurations are the most stable defects, with a small difference in their formation energy (approximately 10 meV), an that the V-V interactions quickly decrease (from 6NN). The migration of 2NN through 1NN is discussed in detail, and we note that the saddle point and the intermediate configurations in the migration mechanism could help in understanding larger V n . 4. V 3À4 multivacancies are also discussed from an energetic and migration point of view. These results indicate that the most stable configurations are obtained when the clusters are composed of a maximum number of 1NN and 2NN blocks. Moreover, we clearly identified the transitions states in their migration path. These defects appear to migrate with a lower energy than mono-or divacancies. 5. For V 5À10 , we found that the most stable configurations are those that are composed of a perpendicular collection of 2NN blocks. Contrary to the previous results of Beeler, we showed that the V n energy does not grow linearly. 6. Finally, the study of symmetric faults V 9À15 shows that, from n = 11, there is a change in the stability of the different families: from the 2NN family to symmetrical defects. 
